Introduction
Soybean is one of the most important crops for the production of seed protein and oil, and provides 53% of the world's oilseed production for edible oil (Soy Stats 2009) . In addition, it improves soil quality and reduces nitrogen fertilizer use through its symbiotic nitrogen fixing.
Despite its agricultural importance, the genetic diversity within soybean is narrow, especially in elite cultivars, compared with other crops (Hyten et al. 2006) . Expanding genetic diversity efficiently will accelerate soybean breeding. There are two major approaches to expanding genetic diversity via artificially derived functional alleles: transgenic technology and induced mutation technology. Although Agrobacterium-mediated transformation (Olhoft et al. 2002) and particle bombardment (Santarem and Finer 1999) are used in soybean, the transformation efficiencies of both systems are low. In contrast to these transgenic approaches, the induced mutation approach is a traditional and wellestablished method for generating mutant alleles randomly.
However, this is problematic in polyploid crops because duplicated genes mask recessive mutant alleles in phenotypebased screening.
Instead, reverse genetic screening is an attractive alternative method for generating novel mutant alleles in polyploid crops. Its primary advantage is that it can identify masked mutant alleles by their nucleotide sequences. Targeting Induced Local Lesions In Genomes (TILLING), which uses the mismatch-specific endonuclease CEL I, is one such efficient method (Till et al. 2003) . TILLING has been implemented in several plant species, including Arabidopsis, maize, wheat, rice, and soybean (Henikoff et al. 2004) . The complete sequence of the paleopolyploid soybean genome reveals that nearly 75% of genes have multiple copies via two genome duplication events (Schmutz et al. 2010) . In this situation, TILLING offers a convenient way to obtain novel knockout mutant alleles. Furthermore, the lines identified by TILLING can be readily used in conventional breeding programs. Here, we attempted to create novel mutant alleles for a seed-specific fatty acid desaturase and to use them in a conventional breeding program to improve lipid metabolism in soybean.
As normal soybean oil contains high contents of polyunsaturated fatty acids (PUFAs; Fig. 1 ), the reduction of PUFA content and the increase of oleic acid content above 80% are primary objectives of soybean seed improvement. In the developing seed, a major PUFA, linoleic acid, is synthesized from oleic acid by microsomal omega-6 fatty acid desaturase (FAD2) and subsequently α-linolenic acid is synthesized by microsomal omega-3 fatty acid desaturase (FAD3) (Heppard et al. 1996 , Yadav et al. 1993 . The soybean genome contains five FAD2 genes, of which at least three appear to be functional (Anai et al. 2008 , Schlueter et al. 2007 . We have isolated two mid-oleic acid mutant lines, 'M23' and 'KK21', by phenotype-based screening and have shown that both carry a unique non-functional mutant allele of GmFAD2-1a (Anai et al. 2008, Takagi and Rahman 1996) . These mutant alleles are valuable genetic resources for improving soybean oil quality, but on their own have not produced the high oleic acid content of transgenic lines (Buhr et al. 2002, Kinney and Knowlton 1998) . GmFAD2-1b encodes an omega-6 fatty acid desaturase and is expressed in immature soybean seeds (Anai et al. 2008) . GmFAD2-1b contributes a substantial proportion of oleic acid production in addition to GmFAD2-1a, making it a primary target for developing soybeans with higher oleic acid contents (Anai et al. 2008) ; however, there is only one report of non-functional alleles of GmFAD2-1b (Pham et al. 2010) .
To identify novel non-functional mutant alleles of GmFAD2-1b, we screened two M 2 populations with different genetic backgrounds by high-throughput TILLING, and identified two mutant alleles. Heterologous expression analysis revealed that these two alleles encode near-null-and null-activity products. Furthermore, we have generated extremely high oleic acid soybean lines by combining GmFAD2-1a and these GmFAD2-1b mutant alleles. We show here that reverse genetics through TILLING provides a practical method for expanding genetic diversity in polyploid commercial crops in the post-"crop genome" era.
Materials and Methods
Preparation of soybean mutant populations and DNA pools for TILLING
To generate novel mutant alleles of GmFAD2-1b, we developed two independent mutant populations of soybean (Glycine max (L.) Merr.), one from c.v. 'Bay' and one from line 'FukuHOLL', respectively. Bay carries normal FAD2 genes and accumulates approximately 20% oleic acid. FukuHOLL is a BC 3 F 4 line developed from backcrossing a mid-oleic acid/low linolenic acid line, 'HOLL' (Rahman et al. 2001) , onto a Japanese cultivar, 'Fukuyutaka', which contains an 'M23'-derived GmFAD2-1a mutant allele (Anai et al. 2008) and an 'M5'-derived GmFAD3-1b mutant allele (Anai et al. 2005) . 'FukuHOLL' accumulates approximately 35% oleic acid and 5% α-linoleic acid. The GmFAD3-1b mutant allele reduced the α-linoleic acid content but did not influence the oleic acid content in our previous studies (Anai et al. 2005 , Rahman et al. 2001 .
For mutagen treatment, dry seeds were soaked in a 3.5 g/L ethyl methanesulfonate solution for 12 h and then rinsed in tap water for 8 h. The M 1 plants were allowed to self-fertilize and M 2 seeds were obtained. Genomic DNA was prepared from young leaves of M 2 individuals using diatomaceous earth columns, followed by modified CTAB extraction (Murray and Thompson 1980) . DNA of each individual was quantitated in 1% agarose gel and normalized for DNA concentration before pooling eight-fold for TILLING template. M 3 seeds obtained from M 2 individuals were collected and preserved together with DNA samples in a freezer.
High-throughput TILLING screening
The GmFAD2-1b sequence was amplified from pooled DNA samples with an unlabeled specific primer set (GmFAD2-1b-INT-F1, 5′-TCTGTCACTTCCCTCCATTC ATTTTG-3′; GmFAD2-1-Full-H-R1, 5′-GGGAAGCTTAT ACACAAAGTCATTACGCGGCAA-3′). All PCR reactions were performed in an iCycler Thermal Cycler (Bio-Rad, Hercules, USA) using 384-well plates. Each PCR amplification was carried out in 10 μL containing 25 ng pooled DNA, 40 mM Tricine-KOH (pH 9.2), 15 mM KOAc (pH 6.0), 3.5 mM Mg(OAc) 2 , 3.75 μg/mL BSA, 0.005% Tween-20, 0.005% NP-40, 200 μM dNTPs, 0.5 μM primers, and 0.05 units/μL Pfu DNA polymerase. The thermal cycling conditions were 95°C for 5 min; 35 cycles of 95°C for 30 s, 65°C for 30 s, and 72°C for 90 s; a final 72°C for 5 min, and storage at 4°C. The denaturation and re-annealing conditions were 95°C for 5 min, 85°C for 1 min, 85 to 25°C decreasing at 0.1°C s −1 , 25°C for 1 min, and storage at 4°C.
The re-annealed PCR products were digested with CEL I at 37°C for 10 min. The reaction mixture contained 200 mM HEPES-NaOH (pH 6.5), 10 mM KCl, 3 mM MgCl 2 , 0.01% Triton X-100, and 0.025 unit/μL CEL I purified from celery stalks as described (Anai et al. 2008) . The CEL I-digested DNA fragments were separated in 1%-2% agarose gel and stained with GelRed (Biotium, Hayward, USA). When CEL I-digested bands were detected, eight individual DNA from the corresponding pooled sample were mixed with the DNA of the background cultivar and used for TILLING. Finally, the mutation sites of the candidates were identified by nucleotide sequencing using a BigDye Terminator Cycle Sequencing Kit v. 3.1 (Applied Biosystems, Foster City, USA).
Yeast transformation
To evaluate the FAD2 enzyme activities of the novel GmFAD2-1b mutants, we expressed each of the wild-type and mutant alleles in budding yeast, and then analyzed the total fatty acid composition. cDNA fragments of GmFAD2-1b derived from 'Bay' and 'Fukuyutaka' and from mutants 'B12' and 'E11' were amplified (GmFAD2-1-HR-F3, 5′-GTAATACGACTCACTATAGGGAATATTAAGG ACAATGGGTCTAGCAAAGGAAACA-3′; GmFAD2-1-HR-R2, 5′-CCGCCACTGTGCTGGATATCTGCAGAATT CTCACATGCACACAAAGTCATTACGC-3′) and cloned into the yeast expression vector pYES2/CT (Invitrogen) using a yeast-based recombining method (Iizasa and Nagano 2006) . The other conditions were as described (Anai et al. 2008) .
Fatty acid analysis
To estimate the contribution of GmFAD2-1b to oleic acid production in soybean seeds, we analyzed the fatty acid composition of each mutant, wild-type and two double mutants: line 'E11', which contains a GmFAD2-1a null mutant allele of 'M23' and a GmFAD2-1b null mutant allele of E11 in the Fukuyutaka background, and 'KK21-B12', which contains a GmFAD2-1a null mutant allele of 'KK21' and a partially defective GmFAD2-1b mutant allele of B12. Furthermore, we evaluated the yeast strains expressing each mutant or wild-type GmFAD2-1b. Yeast cells and soybean seed flour were methylated directly with acidic methanol and then were analyzed by gas chromatography as reported (Anai et al. 2008) . The experiment was repeated at least three times.
Results
Identification of novel mutant alleles for omega-6 fatty acid desaturase (GmFAD2-1b)
Relative to 'Bay', three polymorphisms (a105g, a376g, and a918g) were found in the GmFAD2-1b coding region of 'FukuHOLL'. We identified four independent mutations within the 1.4-kbp amplicon of GmFAD2-1b ( Fig. 2A ) from 5408 M 2 plants by TILLING screening (Fig. 3) . These mutations were subsequently confirmed by nucleotide sequencing. Mutant line 'B12' contained a mutation (a565c) resulting in an amino acid change (Thr189Pro) in the 'Bay' background (Fig. 2B) . Mutant line 'E11' contained a mutation (g308t) resulting in an amino acid change (Gly103Val) in the 'FukuHOLL' background (Fig. 2B) . These two amino acid substitutions occurred in a putative cytosolic loop and a transmembrane domain (Tang et al. 2005) , respectively. The other two mutations (a837t in 'B6' and c339t in 'G2') are silent mutations that do not affect the amino acid sequences of their products (Fig. 2B ).
Enzyme activities of mutant GmFAD2-1b products in yeast
In yeast strains expressing wild-type GmFAD2-1b, we observed two newly synthesized fatty acid peaks (Fig. 4) , as previously reported (Anai et al. 2008) . The earlier peak corresponding to palmitiolenic acid (indicated with asterisk; Fig. 4 ) and the later peak corresponding to linoleic acid (indicated with arrowhead; Fig. 4 ) are synthesized from palmitoleic acid and oleic acid, respectively. Palmitolenic acid was detected in only the yeast system because the GmFAD2-1b product could use palmitoleic acid, which is abundant in yeast cells as a substrate. The yeasts carrying wild-type GmFAD2-1b derived from 'Bay' and 'FukuHOLL' accumulated approximately 19% and 18% linoleic acid, respectively (Table 1 ). The result confirms that the enzyme activities of GmFAD2-1b products are equivalent between 'Bay' and 'FukuHOLL', although their amino acid sequences show a substitution (Met126Val).
By contrast, the yeast strains expressing mutant GmFAD2-1b showed significantly less linoleic acid. The strain carrying the 'B12'-derived mutant contained 3% linoleic acid (Table 1) . As judged by their linoleic acid productivity, the enzyme activity of the gene product of the 'B12'-derived mutant allele is decreased to about 18% of the wild type. Furthermore, the yeast strain expressing the 'E11'-derived mutant allele had no detectable linoleic acid (Table 1) . This absence clearly suggests that the 'E11'-derived mutant allele could not produce a functional FAD2 enzyme in yeast cells. In our previous study, the enzyme activities of recombinant FAD2 in yeast well reflected their activities in plant cells (Anai et al. 2008) ; therefore, these results strongly support the idea that our novel mutant lines, 'B12' and 'E11', contain near-null and null alleles, respectively, of GmFAD2-1b. Since the peak of palmitolenic acid, which is an atypical fatty acid in yeast, also decreased in parallel with that of linoleic acid in each strain expressing a mutant gene (Fig. 4) , we judged that both mutations could commonly affect the enzyme activities with different substrates.
Effect of novel GmFAD2-1b mutant alleles on oleic acid content of soybean oil
The oleic acid contents of 'Bay' and 'Fukuyutaka' were 21.5% and 19.3%, respectively, of total fatty acids (Table 2) . In contrast, the mutant allele of 'B12' in the 'Bay' background increased the content to 29.2%, and that of 'E11' in the 'Fukuyutaka' background ('FukuE11-BC 1 F 3 ') increased it to 43.2% (Table 2) . These results are well correlated with the enzyme activities of the mutant products in yeast (Fig. 4 and Table 1 ), and clearly demonstrate that the effect of GmFAD2-1b is comparable to that of GmFAD2-1a on oleic acid production in soybean seeds, as we expected (Anai et al. 2008) .
The double-mutant line 'E11' showed a marked increase in oleic acid content to 83.1% (Table 2) . Surprisingly, line 'KK21-B12' also showed an extremely high oleic acid content (81.1%; Table 2 ). Thus, the remnant activity of the Fig. 3 . Detection of mutant alleles in GmFAD2-1b by high-throughput TILLING screening. C/C, wild-type DNA from original cultivars; M/M, mutant DNA from 'B12' or 'E11'; C/M, mixture of wild-type and mutant DNAs. Arrowheads indicate CEL I-digested GmFAD2-1b fragments. Fig. 4 . Functional analysis of wild-type and mutant soybean FAD2-1b genes expressed in yeast. Chromatograms of total fatty acids obtained from yeast cells harboring an empty vector pYES2/CT (Vector Cont.) or the same vector containing the 'Bay'-derived wild-type GmFAD2-1b, mutant GmFAD2-1b from 'B12', the 'Fukuyutaka'-derived wild-type GmFAD2-1b, or mutant GmFAD2-1b from 'E11'. Asterisks: palmitolenic acid peaks. Arrowheads: linoleic acid peaks. Means ± SD were obtained from three independent experiments. ND, not determined 'B12'-derived GmFAD2-1b product could not influence the final oleic acid content in soybean seeds in the presence of the GmFAD2-1a null allele. These results show that GmFAD2-1a and GmFAD2-1b together underlie key enzyme activity in omega-6 fatty acid desaturation in soybean seed.
Discussion
Reverse genetic screening provides a robust approach to creating valuable mutant alleles of commercially important crops in which large-scale genomic sequencing has been completed. This approach is extremely useful for species with polyploid genomes. Recently, Dierking and Bilyeu (2009) reported the isolation of new mutant alleles of the raffinose synthase gene RS2 and GmFAD2-1a through TILLING. Our study is the first to generate desirable mutant alleles besides GmFAD2-1a to elevate the oleic acid level of soybean through TILLING. We generated two novel GmFAD2-1b mutant alleles that elevated the oleic acid content of soybean seed oil. From the topology of the GmFAD2-1b product (Tang et al. 2005) , we have identified that missense mutations of the alleles in 'B12' and 'E11' induce amino acid substitutions near the putative phosphorylation site in the cytosolic loop and within the N-terminal transmembrane domain, respectively. Since the 'E11' mutation occurs in a highly conserved region of FAD2 enzymes (indicated with asterisk; Fig. 5 ), we expect that it would influence enzyme activity. In contrast, the 'B12' mutation occurs in a non-conserved region (indicated with filled triangle; Fig. 5 ), but the substitution to proline could induce a structural change in the protein. The results of FAD2 heterologous expression analysis in yeast clearly support our prediction.
To clarify the contributions of GmFAD2-1a and GmFAD2-1b to oleic acid accumulation in soybean seeds, we developed line 'FukuE11-BC 1 F 3 ', containing both the 'E11'-derived GmFAD2-1b mutant allele and the wild-type GmFAD2-1a allele. Comparison of the oleic acid contents in the GmFAD2-1a null line 'FukuHOLL' and the GmFAD2-1b null line 'FukuE11-BC 1 F 3 ' indicated that the contribution of GmFAD2-1b is greater than that of GmFAD2-1a in the 'Fukuyutaka' background ( Table 2 ). The effects of these alleles were synergistic. Since the lines carrying both mutant alleles accumulated oleic acid exceeding 80% of the total fatty acid in their seeds, these two genes mainly control the oleic acid content in soybean seed.
Most recently, Pham et al. (2010) reported that the combination of the newly identified GmFAD2-1b natural variant alleles and GmFAD2-1a mutant alleles achieved approximately 80% oleic acid. They screened candidate lines with high oleic acid contents, and then identified nucleotide polymorphisms in the GmFAD2-1b alleles. In contrast, mutant alleles that are developed by reverse genetic screening can be used immediately as perfect markers because their polymorphisms are already known. They will be quite useful genetic resources to improve the elite cultivars of soybean by marker-assisted selection (MAS).
Clemente and Cahoon (2009) pointed out two disadvantages to the use of mid-oleic acid soybean germplasms: the environmental instability of the high oleic acid trait under a cooler climate, and yield drag; however, our data partly disprove their first concern. Surprisingly, we could not discriminate the oleic acid contents between two double-recessive mutant lines in which the products of two different GmFAD2-1b mutant alleles have different enzyme activities ( Table 2 ). The result strongly suggests that the high oleic acid content (>80%) can be achieved without complete loss of function of both GmFAD2-1a and GmFAD2-1b. Therefore, we consider that the GmFAD2 activities of these double-recessive mutant lines ('KK21-B12' and 'E11') are decreased enough to express the high oleic acid trait under various environmental conditions. Yield drag, the second and more important problem, is associated only with a lesion around GmFAD2-1a in 'M23', and another GmFAD2-1a mutant allele derived from 'KK21' increased the oleic acid content to the same as that of 'M23' without affecting yield (Takagi and Arima 2011) . In contrast to the single nucleotide deletion of 'KK21', 'M23' has a large lesion corresponding to many genes around GmFAD2-1a (Anai et al. 2008) . The differences between 'M23' and 'KK21' are thought to depend mainly on the lesions in GmFAD2-1a mutant alleles; 13.2 ± 0.5 2.5 ± 0.2 43.2 ± 1.9 33.9 ± 1.1 7.2 ± 0.5 WT E11 WT E11 8.8 ± 0.9 2.2 ± 0.4 83.1 ± 0.9 2.6 ± 0.5 3.3 ± 0.2 M23 E11 M5
These plants were grown in the same growth chamber during the experimental period. Means ± SD were obtained from three independent experiments.
therefore, the yield and other agronomic traits would be scarcely affected by the single nucleotide substitutions of GmFAD2-1b mutant alleles derived from 'B12' and 'E11'. In soybean, nearly 80% of oleic acid content is sufficient for food and food ingredients; however, more accumulation of oleic acid is useful for the feedstock of biodiesel etc. Buhr et al. (2002) have reported that ribozyme-mediated suppression of FAD2-1 and palmitoyl-thioesterase encoding the FatB gene together induces the elevation of oleic acid level and the reduction of saturated fatty acids level in soybean. The FatB gene family will be the next target to achieve over 80% oleic acid content in soybean by reverse genetic improvement.
In conventional breeding programs, MAS is an effective approach for pyramiding multiple alleles; however, especially in commercial crops carrying polyploid genomes, the effect of recessive alleles is frequently masked by functionally redundant genes. The reverse genetic approach can overcome this difficulty. In addition, several high-throughput reverse genetic screening methods besides TILLING have recently been developed (Davies et al. 2006 , Gady et al. 2009 , Rigola et al. 2009 , Vossen et al. 2009 ). These methods offer a non-transgenic alternative for the efficient generation of novel genetic resources and their perfect markers, and can accelerate widespread crop improvement. (Thompson et al. 1994) . Asterisk: mutated amino acid residues of 'E11'. Filled triangle: mutated amino acid residue of 'B12'. Single bars: predicted transmembrane regions. Double bars: histidine box motifs. Bullet: serine residue that serves as a substrate for phosphorylation (Tang et al. 2005) . The deduced amino acid sequences of GmFAD2-1a, GmFAD2-1b, GmFAD2-2a, Arabidopsis FAD2, cotton FAD2, sunflower FAD2, and spinach FAD2 were obtained from GenBank (accession nos: AB188250, AB188251, AB188252, L26296, AF331163, U91341 and AB094415).
